Cereal Chem. 90(5): [445][446][447][448][449][450][451][452] Protein is the second most abundant constituent in the rice grain next to starch. Association analysis for protein concentration in brown rice was performed using a "mini-core" collection, which represents the germplasm diversity found in the USDA rice world collection. Protein concentration was determined in replicated trials conducted in two southern U.S. locations, and association mapping was performed by using 157 genomewide DNA markers. Protein concentration ranged from 5.4 to 11.9% among the 202 accessions. Protein variation owing to accession and accession × location interaction were highly significant. Ample variation was seen within each subpopulation by ancestry, as well as within the 14 geographic regions where the accessions originated. Accessions from Eastern Europe had the highest level of protein. Ten markers on eight chromosomes were significantly associated with protein concentration. Five of these markers occurred near known protein precursor genes or quantitative trait loci, and the other five markers were novel for the association with protein concentration in rice. The germplasm and genetic markers identified in this study will assist breeders in developing cultivars tailored for applications requiring specific protein concentration in the rice grain. The research results contribute to the potential discovery of novel rice storage protein pathways in the endosperm.
Rice (Oryza sativa L.) is an important source of nutrition and energy for the majority of the global population. Next to starch, protein is the second most abundant constituent of the rice grain. However, the protein content of rice is the lowest of all the cereals (Eggum 1969 (Eggum , 1977 (Eggum , 1979 Wolff 1982) . Rice protein concentration is affected by climate and agronomic conditions and is nonuniformly distributed in the rice grain, with the greatest concentration in the aleurone layer of the endosperm (Little and Dawson 1960) . Besides the nutritional value, rice protein influences the texture, pasting properties, and sensory characteristics of rice (Champagne et al 2007 (Champagne et al , 2009 Bryant et al 2012) . It has been reported that under certain conditions the protein concentration of rice could be increased 1.8-fold by increasing nitrogen fertilization (Champagne et al 2009) .
Compared with the starch content, total protein concentration is relatively low and constitutes only 7% of the rice endosperm, with 95% of the protein being contained within protein bodies (Shih 2004) . Rice seed storage proteins are divided into four main groups based on their solubility. Glutelin is the most abundant protein in the endosperm and makes up 60-80% of the total protein content. To date, 15 glutelin genes have been identified in rice (Kawakatsu et al 2008) . Prolamins are the second most abundant seed storage protein, making up 20-30% of the total protein, and 34 genes encoding prolamins have been identified (Kawakatsu et al 2010) . Albumin and globulin make up the remaining protein components in the endosperm. Six genes encoding albumins and three genes encoding globulins have been identified (Rice Genome Annotation Project, rice.plantbiology.msu.edu).
Understanding the underlying genetic pathways involved in rice seed storage proteins and manipulating rice protein concentration in the endosperm have been of considerable importance for the biopharmaceutical and nutraceutical industries in recent years. Expression of foreign recombinant proteins in rice endosperm has been used to increase vitamin A concentration in the well-known Golden Rice (Paine et al 2005) , in medical studies to produce recombinant proteins capable of reducing hypertension (Tada et al 2003) , and for producing human serum albumin (He et al 2011) . In addition, modifying protein concentrations for traditional uses, such as increasing nutritional value or enhancing grain quality, by understanding the naturally occurring mechanisms through which protein concentration is regulated in the endosperm has been proposed to offer a wider range of applications for transgenic uses. The downregulation of endogenous seed storage proteins can allow space for the accumulation of more recombinant proteins (Tada et al 2003) . Conversely, the ability to upregulate protein concentration can enable greater production of desired proteins in transgenic lines using native rice seed storage promoters (Qu and Takaiwa 2004) .
To better identify and understand the genomic locations controlling protein concentration in the rice grain, we conducted a genomewide association study by using a genetically diverse collection of rice lines. The USDA world collection of rice contains over 18,000 accessions from 115 countries (Bockelman et al 2003) . To improve the efficiency of evaluating and characterizing the phenotypic traits and genetic diversity of rice found in the world collection, a representative core subset (1,794 accessions) was developed by using a stratified random sampling from the USDA world collection . Subsequently, from this subset, a "mini-core" collection of 217 accessions was developed for a comprehensive and extensive characterization of the phenotypic and genotypic traits in replicated experiments (Agrama et al 2009) . This mini-core collection includes representatives of five rice subpopulations: indica, aus, temperate japonica, tropical japonica, and aromatic cultivars and landraces, plus the related species O. rufipogon and O. glaberrima (Li et al 2010) . The broad international origins of the mini-core accessions from 76 countries contribute to one of the most diversified collections in rice, which is valuable for association mapping to identify genetic marker differences that are correlated with specific traits. Association mapping has been successfully employed to identify numerous and novel gene regions controlling economically important cereal crop traits, thus proving to be a powerful alternative or complement to biparental inheritance studies of traits (Kraakman et al 2004; Zhang et al 2005; Breseghello and Sorrells 2006; Ravel et al 2006; Agrama et al 2007; Ersoz et al 2007; Famoso et al 2011; Zhao et al 2011) .
The objectives of this study were 1) to determine the genetic variability for protein concentration in the mini-core subset of the USDA world rice collection; 2) to determine the relationship of protein content with subpopulation structure and geographic region of accession origin; and 3) to determine the genetic markers associated with protein concentration by using linkage disequilibrium mapping techniques.
MATERIALS AND METHODS

Mini-Core Collection
Based on their ability to produce fully mature seeds in the southern U.S. environment, 202 accessions were selected from the mini-core collection (Agrama et al 2009) . The selected accessions were grown in field plots near the Dale Bumpers National Rice Research Center, Stuttgart, Arkansas (AR), and the Rice Research Unit, Beaumont, Texas (TX), in 2009. The seeds used for sowing came from a single plant selection characteristic of the germplasm accession from which it originated. A randomized complete block design was used with two replications per location. The samples from each 0.3 × 1.5 m plot were harvested by hand, threshed and cleaned with standard field equipment (Almaco, Nevada, IA, U.S.A.), and dried to approximately 12% moisture with a forced-air drier. Rough rice samples from the plots were stored at 4°C and 50% relative humidity until dehulling and grinding.
Protein Assay
Brown rice was produced by dehulling rough rice with a Satake testing husker (Satake Engineering Co., Uino Taito-Ku, Tokyo, Japan) and then ground in a Cyclotech grinder (Foss North America, Eden Prairie, MN, U.S.A.) with a 0.5 mm screen. Nitrogen concentration was determined on ground brown rice with a Leco FP-2000 nitrogen analyzer (Leco Corporation, St. Joseph, MI, U.S.A.) and reported as percent protein by converting the nitrogen value to protein concentration with 5.95 as a conversion factor (AACC International Approved Method 46-30.01). All analytical measurements were conducted in duplicate.
Genotyping
The mini-core accessions were genotyped with 156 simple sequence repeat markers (marker sequence and genomic location information available online at the Gramene website, www.gramene.org), three nucleotide insertion/deletion markers (RID 12, Sweeney el al 2006; Pi-ta, Wang et al 2010;  and an insertion/deletion marker found in the first intron of the rice Waxy gene), and six single nucleotide polymorphism markers (EX1 G/T, EX6, and EX10 from the rice Waxy gene, Chen et al 2010;  and three Alk gene single nucleotide polymorphisms, Bao 2006) . Of these markers, 157 were subsequently used for association mapping. Marker names and positions are shown in Table I . DNA from the leaf tissue of each mini-core accession was extracted following two methods, a CTAB method as described by Hulbert and Bennetzen (1991) and a rapid DNA extraction method described by Xin et al (2003) . Polymerase chain reaction (PCR) marker amplifications were performed as described by Bryant et al (2011) in MJ Research thermal cyclers (Bio-Rad, Hercules, CA, U.S.A.) with PCR primers that were labeled with a fluorescent dye (6FAM, NED, or Hex; Applied Biosystems, Foster City, CA, U.S.A., or Integrated DNA Technologies, Coralville, IA, U.S.A.). The marker amplification reactions were scored for their product sizes (alleles) with an ABI 3700 capillary-electrophoresis genetic analyzer according to the manufacturer's specifications (Applied Biosystems).
Statistical and Population Structure Analyses
JMP Genomics 5 (SAS Institute, Cary, NC, U.S.A.) software was used to create genetic distance matrices, perform principal component analysis (PCA), and graph global accession protein content. Variance components were calculated with the PROC GLIMMIX procedure using SAS software version 9.2 (SAS Institute). The model effects included the rice accessions, test locations, accession × location interactions, and replications, all considered as random factors. Of the 202 accessions used in the protein study, only the 182 O. sativa accessions that were successfully harvested at both the TX and AR locations were used for the population structure and association mapping analyses. The genetic distance matrix used for PCA and subsequent association analyses was based on Gower's similarity (Gower 1966) , with PCA performed on the similarity correlation matrix.
Association Mapping
For the association analysis, rare marker alleles, occurring at a frequency less than 3.3% among all the accessions for any one marker, were converted into missing data, which included all heterozygous genotypes. Subsequently, eight simple sequence repeat markers were identified that had 33% or more accessions with missing allele calls, and these markers were excluded from the association analyses. A total of 157 markers distributed approximately every 10 cM across the rice genome were used for association mapping. TASSEL 3.0 (Bradbury et al 2007) software was used for the association analyses with the mixed linear model option (Yu et al 2006; Zhang et al 2010) . Values from the first three PCA dimensions were used as population structure (Q) input for association mapping. The similarity matrix used in PCA was multiplied by two and used as a kinship matrix (K) in the association analysis (Buckler Lab at Cornell University 2011).
Protein concentration measurements were determined in duplicate from each of the two field replicates from the Stuttgart, AR, and Beaumont, TX, locations and were used to calculate the mean protein concentration for each location. Accession means at each location were analyzed for marker associations both independently and when averaged over locations.
RESULTS AND DISCUSSION
Molecular Substructure of Mini-Core Collection
The PCA of genetic marker variation in the 182 rice minicore accessions grown at both locations showed the accessions separating into five genetic groups of O. sativa: indica (n = 56), aus (n = 37), temperate japonica (n = 32), tropical japonica (n = 31), and aromatic (n = 5) plus their admixtures (n = 21) (Fig. 1) . The admixtures were similar to those reported by Agrama et al (2010) , indicating that these accessions are a result of intermating between rice subpopulations. This ancestral relationship and subpopulation structure among the minicore accessions confirmed the five main rice subpopulations previously seen in other genetic structure studies of rice (Garris et al 2005; Agrama et al 2010) . Determining the genetic structure of accessions analyzed in association mapping studies helps ensure that false marker-trait associations are not accepted, which can be a common problem if population substructure is not considered (Yu et al 2006; Ersoz et al 2007; Zhang et al 2010) . This information is also useful to breeders for designing crosses within subpopulations to change protein concentration while minimizing genetic variability in other genomic regions.
Protein Concentration Analyses
Among the 202 mini-core accessions grown in either of the two locations, genetics (i.e., accessions) contributed the most to the a ACNO = accession number. ACNO and region are as designated by Agrama et al (2010) . b ARO = aromatic; IND = indica; TEJ = temperate japonica; TRJ = tropical japonica; and admix = admixture (genetically interbred). c Protein means were calculated using two technical replications by two field replications by two locations; average = 7.5%, minimum = 5.4%, and maximum = 11.9%. d SD = standard deviation of two technical replications by two field replications by two locations. variation in protein concentration, accounting for 40.1% of the total variation (Table II) . Although the proportion of variation owing to location was 8.0% for AR and 7.0% for TX, the variation owing to location was not significant (Table II) . However, the variation owing to accession × location interaction was significant, accounting for 22.3% of the protein concentration variation (Table II) , suggesting the importance of conducting protein analysis studies across multiple environments.
The protein concentrations for all 202 accessions, globally depicted in Figure 2 , averaged 7.5% and ranged from 5.4% for PI 389923, an indica from China, to 11.9% for PI 597033, a temperate japonica from Western Europe (Table III) . The range of protein concentration in our study is smaller than that reported for the International Rice Research Institute world collection (n = 17,587 cultivars), which had a range of 4.3-18.2% and a mean of 9.5% (Gomez 1979) . Protein concentration values among the rice subpopulations and rice-related species, along with geographic summaries, are shown in Table IV . The temperate japonica accessions of the mini-core had the broadest protein range (5.8-11.9%) among the subpopulations. For the rice-related species, the O. glaberrima accessions had a lower mean protein content (6.2%) compared with O. sativa, whereas the protein content of the one O. rufipogon accession (8.0%) was higher than the O. sativa mean. The protein concentrations seen in these species are similar to those found by Ignacio and Juliano (1968) , who reported protein ranges of 8.9-11.7% for O. glaberrima, 8.3-13.8% for O. rufipogon, and 7.3-13.6% for O. sativa. Wide variation in protein concentration was observed in all genetic subpopulations of O. sativa. The means of the aromatic accessions (8.8%) and temperate japonica accessions (8.2%) were greater than the general mean of the mini-core, whereas the indica and tropical japonica mean values were similar (7.4% for both) to that of the mini-core mean. The accessions native to the Eastern European region (n = 9) had the highest mean value concentration (9.4%), whereas the accessions native to Africa had the lowest. All the accessions with a protein concentration greater than 9.5%, except PI 226313, 245694, 392768, and 431310, were native to Eastern and Western Europe (n = 18), and 15 of the accessions from those regions were temperate japonica and had values above the mini-core mean. In contrast, all of the rice accessions from Africa (n = 18) averaged below 8.0%, and 14 were below the mini-core mean value. Although we only analyzed the protein content in brown rice, we would expect to see similar protein content for milled rice samples, given the high correlation of these two measurements (r = 0.96-0.97) seen in prior studies (Juliano et al 1964; Ellis et al 1986) . Additionally, the protein content of brown rice is more standardized across a broad range of germplasm, particularly as the protein content of milled rice is notably affected by the degree of milling, which can be difficult to control (Resurreccion et al 1979; Pedersen and Eggum 1983) .
Association Mapping
Results of the association mapping analyses showed significant protein concentration associations (P < 0.01), with four markers in AR and five markers in TX (Table V) . None of the significant markers were identical between the AR and TX locations, suggesting that environment influences protein concentration in the rice grain. Interestingly, all marker alleles showing the greatest amount of change in protein concentration for the marker-trait associations in AR had a positive effect on protein concentration, whereas all the major marker alleles identified in the TX location had a negative effect on protein concentration. The relatively modest significance levels among the marker-trait associations (-log10P values = 2.01-3.71) are fairly typical for those seen in quantitative trait locus (QTL) mapping studies of protein concentration (Yoshida et al 2002; Wada et al 2006; Kobayashi et al 2008; Wang et al 2008; Lu et al 2009) . The lack of notably high marker significance levels may also partially result from the limited number of markers and germplasm analyzed in this study, particularly in comparison to recent studies in rice surveying roughly 44,000 single nucleotide polymorphism markers in 413 rice accessions (Famoso et al 2011; Zhao et al 2011) , suggesting that more markers and accessions may be appropriate for subsequent studies on marker-protein association analyses.
In AR, two of the significant markers occurred at or near gene regions likely to be involved with protein concentration regulation. Two significant markers were novel and had not been previously reported. RM125 had the most significant P value, and its allele with the largest effect had a positive effect on protein concentration and was observed in 76 accessions. RM125 is on rice chromosome 7 at reference map position 5.5 Mb and occurs within 1 Mb or less of three known prolamin precursor genes, a low-molecular-weight globulin storage protein gene, and three albumin storage protein genes. RM302 on chromosome 1 at position 32.9 Mb occurs within 1 Mb of a predicted glutelin precursor gene, and this marker had a net positive effect on protein concen- tration. RM471 (chromosome 4 at 18.8 Mb) and RM341 (chromosome 2 at 19.4 Mb) were novel marker-trait associations identified in this study, and all of the alleles had either no effect or a net positive effect on protein concentration. Of the five significant marker-trait associations identified in the TX study, three occur within 1.5 Mb of previously identified protein content related QTLs or predicted protein concentration regulatory genes. RM541 (chromosome 6 at 19.5 Mb) occurs within 1.5 Mb of a predicted prolamin precursor gene and a previously identified QTL (Lu et al 2009) . RM427 (chromosome 7 at 2.7 Mb) occurs within 1.5 Mb of a previously identified QTL associated with reduced protein content (Shi et al 2009) . RM24011 (chromosome 9 at 9.4 Mb) occurs within an identified QTL region for increased protein content (Wada et al 2006) . RM15123 (chromosome 3 at 15.8 Mb), and RM413 (chromosome 5 at 2.2 Mb) are novel marker-trait associations identified in this study, and all of their major alleles had negative effects on protein concentration. RM15123 had the most significant P value as well as the largest negative effect on protein concentration of all the marker-trait associations identified.
Although the accession × location term was statistically significant (Table II) , the location main effect was not. Thus, a combined location association analysis was performed by using an average of the means of both AR and TX (Table V) . Two significant markers identified in the AR analysis, three in the TX analysis, and one new marker were identified as significant (P < 0.01) in the combined location analysis. Markers RM15123, RM541, and RM24011 had the most significant P values in both the combined analysis and the TX study. In the combined location analysis, RM541, which is near a previously identified prolamin QTL and predicted prolamin precursor (Lu et al 2009) , had a large positive allele effect on protein, whereas in the TX study a different major allele was identified for this marker, which had an overall negative effect. This difference suggests that the effect this marker has on protein concentration is dependent on the environment. The same alleles for markers RM15123 and RM24011 were observed to have a consistent negative effect in both the combined analysis and at TX. RM471 and RM125 were both present in the AR study, and combined location analysis and the major alleles consistently had a positive effect. RM125, RM302, and RM427 are within 1.5 Mb of protein candidate genes (Rice Genome Annotation Project, rice.plantbiology.msu.edu). RM3558, which was not detected in either the AR or TX study, was identified in the combined location analysis with the predominant allele having a negative impact on protein. RM471 (chromosome 4 at 18.8 Mb) and RM3558 (chromosome 4 at 22.8 Mb) are close to each other, suggesting that this region contains a novel protein concentration QTL.
CONCLUSIONS
The protein concentration of rice was variable across all subpopulations of rice, which allows breeders to select accessions with high or low protein content for crossing within the same subpopulation and thus alleviating issues associated with wide crosses, such as sterility and incompatibility. In addition, accessions from within various global regions differed widely for protein concentration, indicating that breeders have many options in using germplasm adapted to different growing environments. The accession × location effect played a large role in determining protein concentration, highlighting the importance of assessing gene × environment interactions in protein studies. Selecting accessions that are genetically the best suited for the location in which the crop will be grown will be an important factor to consider for breeding programs. Ten significant markers were identified in the association mapping studies; five were in the TX study, four were in the AR study, and one additional marker not identified in either the TX or AR location was identified in the combined location analysis. Of these significant markers, five were located at or near genes known or predicted to be responsible for protein content or near regions previously identified as QTL involved in protein content of the rice grain. The remaining five are novel markers identified in this study. Two of these novel markers, RM471 and RM3558, occur in fairly close proximity to each other on chromosome 4, which suggests this region would be a good candidate region for further study. Association mapping of the USDA rice mini-core collection was an effective method for identifying new genetic markers and validating previously reported marker regions associated with protein content in rice.
